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Republic of China 
(Received 25 June 1990; accepted for publication 5 September 1990) 
High quality Te-doped Al,,, Gae, As/Mg-doped In,, Ga,,* P on p-type GaAs substrate single- 
heterostructure light-emitting diodes have been reproducibly fabricated by liquid-phase epitaxy 
using a supercooling technique. The growth conditions and properties of the undoped and Mg- 
and Zn-doped In,,, Gq,s P layers are described in detail. The strongest photoluminescence 
peak intensity occurs at a hole concentration of 1 X lOI cm - 3 of the Mg-doped layer. Diodes 
fabricated from the heterostructure are characterized by electron-beam-induced current, 
current-voltage measurement, electroluminescence, light output power, and external quantum 
efficiency. By appropriately controlling the hole concentration of the Mg-doped In,, G%,, P 
active layer and the electron concentration of the Te-doped Al,,, Gq,, As window layer, the p-n 
junction can be precisely located at the metallurgical junction as measured by the electron- 
beam-induced current technique. A forward-bias turn-on voltage of 1.5 V with an ideality 
factor of 1.65 and a breakdown voltage as high as 20 V are obtained from the current-voltage 
measurements. The emission peak wavelength and the full width at half maximum of 
electroluminescence spectra are around 6650 and 250 A at 20 mA, respectively. The light 
output power of the uncoated diodes is as high as 15OpW at a dc current of 100 mA and an 
external quantum efficiency of 0.085%-O. 10% is observed. 
I. INTRODUCTION 
Visible electroluminescence (EL) is of great impor- 
tance because of its numerous potential applications in the 
field of optical information processing and optical communi- 
cation through plastic fibers. Light-emitting diodes ( LEDs) 
are now present in a wide variety of instruments of daily use. 
This interest in LEDs for these and other new applications is 
due to their brightness, low price, reliability, and compatibil- 
ity with integrated circuit technology. However, it is diffi- 
cult to shorten the emission wavelength of well-developed 
AlGaAs/GaAs LEDs which operate at wavelengths shorter 
than 0.7,~m. This is because the internal quantum efficiency 
decreases and the reliability deteriorates with increasing the 
Al composition.’ 
Indium gallium phosphide In, _ ,Ga,P ternary com- 
pound has attracted much attention because its direct band 
gap extends up to 2.2 eV at 300 K and offers, in principle, an 
opportunity to fabricate efficient light emitters in the red to 
yellow region of the visible spectrum.2 Furthermore, the abi- 
lity to grow lattice-matched epitaxial layers of this ternary 
crystal on gallium arsenide at a composition of indium to 
gallium ratio of 1 to 1 with an energy gap of 1.9 eV has been 
regarded as an additional merit of this material systems. In 
this respect, it offers considerable advantages compared with 
the more commonly used AlGaAs and GaAsP alloy sys- 
tems. However, its use has been hampered by the difficulty of 
its preparation. 
Injection electroluminescence of In,,, G%,5 Pp-n homo- 
junctions has been reported. 3,4 In order to achieve efficient 
EL or laser emission, it seems desirable to use the principle of 
heterostructures, which are well known from the fabrication 
of AlGaAs diodes and has been proven to be highly success- 
ful. For this purpose it is necessary to grow a material onto it 
with an energy gap larger than the energy gap of In,,, Gq,, P. 
Therefore, Al, Ga, -,As with a high aluminum content 
(y = 0.7 is selected in our study) used as a window layer or 
injecting layer is of a great interest, in the growth of lattice- 
matched heterojunctions. This provides the best solution to 
the problem of extraction of radiation without absorption. 
This paper reports the growth and characterization of 
the undoped and Mg- and Zn-doped In,,, Gas, P layers, and 
the fabrication and performance of Al,, Gq,, As/ 
In,,, Ga,,, P single-heterostructure (SH) LEDs emitting in 
the red ( - 6650 A) region of spectrum. 
II. GROWTH AND CHARACTERIZATION OF THE 
ACTIVE LAYERS 
Growth was carried out by liquid-phase epitaxy (LPE) 
in a sliding boat system under a flowing hydrogen ambient. 
The epitaxial layers were grown on nondoped semi-insulat- 
ing ( lOO)-oriented GaAs substrates. The In melt was first 
baked at 900 “C in a purified H, flow of 500 cc/min for 10 h. 
This process is very important to obtain low carrier concen- 
trations and high photoluminescence (PL) intensity in 
In , _ x Ga, P epitaxial layers.5 The GaAs substrate and InP 
polycrystalline were prepared by etching in a 5: 1: 1 mixture 
of H, SO,, :H, 0, :H, 0; GaP polycrystalline was etched in a 
3: 1:2 mixture of HCl:HNO, :H, 0. After being cleaned and 
etched, appropriate polycrystalline solutes of InP and GaP 
and dopants of Mg or Zn were added to the prebaked In 
metal to form the growth solution having a liquidus tem- 
perature of -795 “C. In general, p-type dopants usually 
have a large segregation coefficient. In order to control the 
hole concentration accurately, In-l% Mg or In-2% Zn 
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wires were used in our study. The growth solution was heat- 
ed at 800 “C for 1 h to dissolve the charges and to homogen- 
ize the melt completely. After the saturation period, the tem- 
perature was cooled down, and the melt was brought into 
contact with the GaAs substrate at a cooling rate of 
0.3 “C/min and with 8-12 “C supersaturation. The typical 
thickness of InGaP epitaxial layers during this 17-min 
growth period was about 10 pm. 
The phosphorus evaporation from the growth melt is a 
source of contamination of the substrate surface, which pre- 
vents InGaP epitaxial growth. The amount of evaporated 
phosphorus during the melt saturation period was found to 
be about 7% by measuring the weight loss of the melt when 
treated under the same conditions without crystal growth. 
In order to suppress the evaporation of phosphorus, the melt 
was covered with a quartz lid. The surface of the GaAs sub- 
strate was covered with another GaAs wafer during the satu- 
ration process to minimize contamination of the substrate 
surface from evaporated phosphorus. Furthermore, the 
empty boat was baked at 900 “C in H, for 10 h using another 
furnace after every growth run to avoid the accumulation of 
P and/or Mg in the boat and to reduce the background dop- 
ing level. 
Double-crystal x-ray diffraction, photoluminescence, 
and Hall measurements were carried out to characterize the 
undoped and Mg- and Zn-doped In,,, Gq,s P layers. Details 
of the growth conditions and characterization techniques 
are described elsewhere.5v6 
Figure 1 shows the dependence of lattice mismatch 
Aa,/a, as determined by double-crystal x-ray diffraction 
measurements between the undoped InGaP epitaxial layer 
and the GaAs substrate on the Ga mole fraction of the 
growth solution, X &, . Aa, is defined as the lattice constant 
0.4 
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FIG. 1. Lattice mismatch Aa,/a, between undoped In, _ .Ga,P epitaxial 
layers and GaAs substrates normal to the wafer surface and photolumines- 
cence peak energy at 300 K as a function of Ga mole fraction in the growth 
solution XL,. The P mole fraction in the growth solution was kept at a 
constant value of 0.0276 in every LPE growth run. 
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difference between the InGaP layer aep, and the GaAs sub- 
strate a,. It is remarkable that Aa,/a, decreases linearly 
from + 0.3 1 to + 0.10% with increasing XL, in this range 
from 0.0090 to 0.0102. As Vegard’s law is valid in this range 
of the In, _ ,Ga,P alloy system, the composition of the 
InGaP epitaxial layers also varies linearly depending on 
Ci,. Figure 1 also shows the room-temperature PL peak 
energy which changes from 1.883 to 1.901 eV with increas- 
ing XL,. The 18 K PL peak energy follows a similar trend 
with XfGa from 1.966 to 1.994 eV. The relationship of PL 
peak energy versus X &, may be represented by the following 
equations: 
EpL = 1.748 + 15.0X&, at 300 K 
EpL = 1.756 + 23.3Xk, at 18 K, 
where EpL is the PL peak energy. 
The linear variations in the lattice constant and PL peak 
energy of the epitaxial layers versus Xfc,, indicate that the 
lattice-matched composition pulling phenomenon reported 
by Stringfellow’ and other workerss*9 does not occur in the 
LPE growth of In, -,Ga,P on GaAs. Asai and Oe” have 
also obtained similar results to our study. 
The full width at half maximum (FWHM) of PL spec- 
tra at room temperature in InGaP epitaxial layers lies 
between 35 and 45 meV. The minimum FWHM of 35 meV is 
obtained when the lattice mismatch is -0.20% correspond- 
ing to X ,&, = 0.0095-0.0097. As pointed out in Refs. 5 and 
10, a good quality In, _ xGa, P layer can be grown when it is 
lattice matched to the GaAs substrate at the growth tem- 
perature, but it becomes mismatched to -0.20% at room 
temperature because of the difference in thermal expansion 
coefficients between the InGaP layer and the GaAs sub- 
strate. This difference produces the lattice deformation of 
the epitaxial layer. 
The narrowest FWHM PL spectra measured at 300 and 
18 K are shown in Fig. 2. In this figure, they both show only 
one emission peak related to near-band-gap transition and 
no other impurity peak is observed. The 18 K PL peak inten- 
sity is four orders of magnitude stronger than that measured 
at 300 K and the curves were normalized to the same PL 
peak intensity. The shift of the peak from 6270 A at 18 K to 
6570 A at 300 K is due to the change in the band gap with 
temperature. The FWHM of the InGaP epitaxial layer at 
300 and 18 K are 35 and 10 meV, respectively. This is the 
narrowest FWHM value of PL spectra of InGaP layers 
grown by LPE reported to date.“,” 
Unintentionally doped In, _ x Ga, P layers always give 
n-type conduction. Baking the In melt at 900 “C for 10 h 
usually produces a background carrier concentration 
around 1 X lOI cmM3. In our study, the best Hall method 
data of InGaP layers also occur at XL, = 0.0095-0.0097. 
The measured carrier concentration and mobility at room 
temperature are 3X lOI cm-3 and 1400 cm’/V s, respec- 
tively; while those at liquid-nitrogen temperature are 
2.3 X 10” cm - 3 and 2300 cm2/V s, respectively. 
From the above analysis we conclude that high quality 
InGaP epitaxial layers can be obtained at the optimum con- 
dition of X1 oa = 0.0095-0.0097 in the growth solution. 
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FIG. 2. (a) 300 and (b) 18 K photoluminescence spectra of an undoped 
In,, , Ga, , P layer grown on GaAs having a carrier concentration of 3 x IO” 
cm - ‘. The intensities were normalized to the same value. 
Therefore, we choose this Ga liquidus composition in the 
growth melt to characterize the doping properties of the 
Ino.s Gq,, P active layers. 
After obtaining the background properties of undoped 
layers, the influence on the impurity doping for the effective 
control of carrier concentration in InGaP layers is further 
investigated. Figure 3 shows the hole concentration as a 
function of Mg and Zn mole fractions in growth solutions, 
X& andX&,, at room temperature. For the Mg dopant, the 
hole concentration increases linearly from 6~ 10” to 
6x10” cmm3 as XL, varies from 4X10M6 to 4x10e5 
mole fraction. When X LB is increased further, the hole con- 
centration saturates at a value near 6X 10” cm- 3. On the 
other hand, it also increases linearly from 3 x 10” to 1 x lOI 
cm -3asX:, varies from 1 X 10 - 5 to 6 X 10 - 4 mole fraction 
and towards saturation at XL, larger than 6 X 10 - 4. The 
segregation coefficients K in Ino,,Gae, P layers grown at 
785 “C were estimated as 3.2 for the Mg dopant and 0.18 for 
L t 8 ' ' I I I 10-S IO‘" 10-j 
Mg AND Zn MOLE FRACTIONS IN SOLUTIONS, X,fg AND Xi” 
FIG. 3. Hole concentrations of Mg- and Zn-doped In, 5 Ga,, I P layers grown 
on GaAs as a function of Mg and Zn mole fraction in thegrowth solution at 
room temperature. 
the Zn dopant using the relationI 
K=X”/X’ = N,ai/8X’, 
where XS and X ’ are the mole fraction of dopant in the epi- 
taxial layer and the growth solution, respectively. NA is the 
acceptor concentration and a, is the lattice constant of 
In,, Ga,, P epitaxial layers. 
The relative intensities of room-temperature PL peaks 
in Mg- and Zn-doped InGaP layers as a function of hole 
concentration are shown in Fig. 4. The relative PL peak in- 
tensity increases with hole concentration and approaches a 
maximum value near 1 x lo’* cm - 3 for Mg-doped layers 
11 I 1 I, I I I, 
10'7 10'8 10'9 
H6LE CONCENTRATION, p ( cmb3 ) 
FIG. 4. Relative intensities of 300 K PL peaks in Mg- and Zn-doped 
In, ,Ga,, P layers as a function of hole concentration. 
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and 6x 10Ia crnv3 for Zn-doped layers. With any further 
increase in the hole concentration, the intensity drops quick- 
ly. Nuese gt al.‘” have reported that precipitates of Zn, I’, 
were present in heavily Zn-doped vapor-phase epitaxial 
111 , .Ga,%P layers, which would be expected to reduce the 
relative PL intensity. Kressel (St ~1.” also observed that rela- 
tively deep centers were formed at a high Zn-doped hole 
concentration to lower the radiative efficiency. However, the 
mtzzhanism of heavily Mg-doped InGaP layers which result- 
ed in harmful luminescence properties is not st.ill reported. It 
is believed that Auger recombination processes can become 
important in the high concentration range to weaken the 
radiative recombination processes as in the case of the heavi- 
ly Mg-doped GaAs.‘“-lG As a whole, to obtain the strongest 
luminescent devices consisting of p-type InGaP layers, the 
hole concentration should be doped to a range of 6-10 x 10” 
cm ‘. 
III. GROWTH AND FABRICATION OF AIGaAs/lnGaP SH 
LEDs 
The single heterostructure was grown by liquid-phase 
epitaxy 011 the (lC)O)-orientedp-type (Zn doped, 1-4~ 10’” 
cm-“) GaAs substrate. The first grown layer is a lo-pm- 
thick In,,., G&) 5P active layer where radiative recombind- 
tions take place, the Ga liquidus composition in the growth 
solutions was varied to compare the performance of LEDs 
with X$, I- 0.0090, 0.0095, and 0.0100. It isp-type bfg or 
Zn doped with a hole concentration of 1 x 10” cm 3 to take 
advantage of the long lifetime of minority carriers in this 
material as in the case of the AlGaAs/GaAs system.’ The 
secr~nd layer, n-type Te-doped (n = 5 x 10” cm .... ’ 1, is a 4-6 
/[In thick Al,,,, %a,,,: As injecting layer and has a high alumi- 
num content to produce a sufficient barrier height to induce 
the “superinjection effect”” which substantially enhances 
the device efficiency; secondly this layer acts as a window 
and is transparent for photon emission. The third layer, 0.5- 
1 Lrrn thick n-type Te-doped GaAs (FZ = 6~ 10’” cm “1, is 
used as the cap layer to facilitate small contact resistance. 
The In,) s Ga,, c P layer was grown at 785 “C with a 8-12 “C 
supersaturation temperature for 17 rnin at a cooling rate of 
0.3 “Cimin. The Al,, 3 Ga, 3 As arlrl GaAs layers were grown 
at 780 and 770 “C with a 4 “C supersaturation temperature 
for 33 min and 20 s at the same cooling rate, respectively. 
After the growth process, the substrate side was thinned 
to about 250 /zm in order to reduce the bulk resistance and 
remove the contamination from evaporated phosphorus 
during growth. The wafer was then etched in a 2.5 
NH,+ OH: 1 H? 0, :50 H, 0 solution for 10 s to remove surface 
oxide. The p contact was made to the GaAs substrate by 
evaporating a 1000 ,& layer of 1 wt % Be in the Au alloy onto 
it and then plating a 2000-x Au layer. For the PI contact, 
1000 i% AuGeNiilOO .+% Ni was vacuum deposited sequen- 
tially onto the exposed n ’ -GaAs cap layer and patterned 
into 100~lrm-diam dots by lift-off procedures. After depo- 
sition, the wafer was alloyed at 450 “C for 3 min in a hydro- 
gen ambient to obtain good ohmic contacts. Then, a l+m 
Au layer was evaporated over the coated contact on the n 
side of the wafer for bonding. The top Au metal and the 
GaAs cap layer outside the n-contact area were again chemi- 
cally etched away in sequence using a 10 g Kl: I g I, :lOO C.C. 
Hd 0 and a 5 Hz SO, : 1 I-I2 0, : 1 Hz 0 solution, respectively, 
through defined pattern by photolithography to allow light 
emission through the top of the die. The wafer was then 
sawed into the die dimension of 300 x 30Upm’. The chip was 
then attached and bonded to a TO-5 package for measure- 
ments. 
IV. LED PERFORMANCE 
During growth, if a small amount of In metal left over 
fromtthe former In-rich InGaP source melt mixed with the 
latter Ga-rich AlGaAs source melt occurs, the AlGaAs lay- 
er compositions will be influenced so that uniform crystal 
growth is obstructed’” and the thickness of the AlGaAs epi- 
taxial layer becomes uncontrollable. This anomalous growth 
has sometimes occurred, as seen in the Nomarski phase con- 
trast microphotograph of a cleaved stain-etched cross sec- 
tion of a SH wafer shown in Fig. 5 (a). Obviously, there are 
some inclusions existing at the interface between the InGaP 
layer and the AlGaAs layer and radiative recombination will 
be absorbed in this anomalous interface, weakening the lu- 
minescent properties. Detailed study on the interface insta- 
(al 
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FIG. 5. Cross section of Nomarski contrast microphotographs of (a) 
anomalous growth due to iuterface instability and (b) a Rat heteroboun- 
dary between InGaP layer and .AlGaAs layer, Layers labeled “1: 2, 3, and 
S” in this figure are the Q-doped In,, 5 Ga,,, P active layer, Te-doped 
Al, i Ga,,,, As window layer, Te-doped Cans cap layer, and GaAs substrate, 
respectively. 
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bility will be given in Ref. 19. However, a flat hoteroboun- 
dary between the InGaP layer and the AlGaAs layer is 
obtained on another wafer as shown in Fig. 5 (b), where melt 
mixing is rlitninated. 
In a multilayer junction device structure, the electrical 
junction location has to be controlled precisely in order to 
achieve ethcient carrier confinement. On the other hand, a 
misplaced junction will deteriorate all the confinement ad- 
vantages afforded by the heterobarrier. The electron-beam- 
induced current (ERIC) technique is employed to locate the 
p-njunction position. The cross section of scanning electron 
microscope (SEM) photograph of a representative p-n he- 
trrojunetion with a carrier concentration of p = 1 X 18” 
CmJ” and i2 = 5 :x: 10” cm ‘, respectively, is shown in Fig. 6 
with the ENIC signal superimposed to show thcp-fz junction 
location. The electron concentration of the Tc-doped 
Al,,,, Ga, z As layer remains constant in our study; an accu- 
r&p-n heterojunction is more easily controlled by using the 
Mg dopant in the InGaP layer than by using the Zn dopant. 
Because the segregation coefficient of Mg is much higher 
than that of Zn (3.2 for Mg and 0.18 for Zn), only a small 
amount of Mg is necessary to give a p-type hole concentra- 
tion of approximately 1 X 10’” cm ’ in the grown layer. 
Since the diffusion coefftcient of Mg is smaller than that of 
ztl,lu a prcoise control of p-n heterojunctioti is easily 
achieved by using the Mg dopant. In our study, the devices 
having a Zn-doped Ino 4 Ga(, 5 P active layer exhibit an unrea- 
sonable forward-bias turn-on voltage of I.2 V and the EL 
signal is too weak to be detected. 
A typical current-voltage (I-V) characteristic of the 
LEDs is shown in Fig. 7. It can be seen that the LEDs have a 
turn-on voltage of 1.5 V, which is as same as measured in the /i 
-6650 A Al&As/Gaits red L.EDs.” The forward 1-F 
characteristic gives an ideality factor of 1.65 and a dynamic 
resistance of 2.5 R in the current range of 20-40 mA. This 
low value ofdynamic resistance is reproducibly achieved for 
the SH LEDs as shown in Figs. 5 (b) and 6. The low dynamic 
resistance and low voltage drop (voltage drop at 150 mA- 
zband gap voltage) of the L.E.Ds give rise to a substantial 
FIG. 6. SEM photograph ofthe crcx.s section of a representative wafer with 
EBIC signal showing the kxation of thep-n junction accurately placed at 
the ntct:tllurfii~ljunction. The hole concentn~tion in the ln,,,Ga,, , P active 
layer is dt~ped to 9 value of 1 x 10” cm ‘~ The layer numbers labeled in this 
figure nre the same rts those laixled in Fig. 5; in addition, layer M  is the 
Colltact metal, 
FORWARD : 1 V/div, 5mA/div 
REVERSE : 5V/div, 1 mA/div 
FIG. 7. Typical current-voltage characteristics measured at room tempers 
ture ofSH LEDs with a carrier concentration ofp - 1 x IO’” cm ’ in a h4g- 
doped II~,,,G;~~,P active layer nnd it = 5;: 10” cm ’ in a Tc-doped 
Al,,,Ga,, ;As window layer. (Forward: 1 V/div, 5 mAidiv., reverse: 5 
V/div, 1 mA/div.) 
improvement of the power efficiency of the devices. In the 
reverse direction, the hard breakdown phenomenon is ob- 
served and the breakdown voltage occurs as high as 20 V. 
This indicates that the concentrations of electrons and holes 
in thep-n heterojunction are under precise control. 
Figure 8 shows room-temperature EL emission spectra 
at forward currents of 20,40,60, and 80 mA of uncoated red 
LEDswith,Yi;, = (a) 0.0090, (b) 0.0095,and (c) O.OlOOin 
the InGaP growth solutions. The emission EL intensities of 
all the LEDs are normalized to the same given current level 
of SO mA and the intensity of LED in Fig. X(b) is stronger 
than that of L,EDs in Figs. S(a) and X(c). As earlier de- 
scribed, a device-quality InGaP epitaxial layer grown at 
x&, = 0.0095 is lattice matched to the GaAs substrate at 
the growth temperature. All the EL emission peak wave- 
lengths are around 6650 A and decrease with it~creasitlgX:jii 
in the InGaP growth solution. The FWHM values of the 
LEDs are around 6s meV (250 A) at 20 mA and decrease 
with increasing current level. The peak w-avelength shift at 
X0 mA of the LEDs ( - 10 meV towards the lower-energy 
side compared to the PL peak wavelength of the same hole 
concentration in the p-type Mg-doped InGaP layer) is due 
to injected carriers in the active layer of LED. The shift of 
the peak wavelength to a longer wavelength with increasing 
injecting current is due to Joule heating. 
Figure 9 shows the optical power output measured at 
room temperature versus current characteristics of the un- 
coated AlGaAs/InGaP SH LEDs with ,5--i;, = 0.0090, 
0.0095, and 0.0100 in the InGaP growth solutions. It can be 
seen that the LEDs exhibit linear output power versus input 
current up to about 100 tnA. In Fig. 9, a current of 100 mA 
corresponds to a current density (J) of 1.27 kAicm’ for 
these devices with a 100~/lrn-diam contact. The external 
quantum efftciency defined as the ratio of output photocur- 
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FIG. 8. Room-temperature (RT) EL emission spectra in the conditions of 
forward currents of 20, 40, 60, and 80 mA of uncoated red LEDs with 
XL, = (a) 0.0090, (b) 0.0095, and (c) 0.0100 in the InGaP growth solu- 
tions. 
rent collected by photodetector to the applied current is 
0.085410% at 100 mA forward current applied to the 
LEDs of Fig. 9. The efficiency is not so high in these devices 
and may be due to the inclusions or point defects existed at 
the interface between the Al,,Gqi3As layer and the 
In,,, GQ,, P layer. Nevertheless, these properties of LEDs 
CURRENT ( mA 1 
FIG. 9. Light output power measured at room temperature (RT) as a func- 
tion of dc current for the uncoated AlGaAs/InGaP SH LEDs with 
XL, = 0.0090,0.0095, and 0.0100 in the InGaP growth solutions. An ex- 
ternal quantum efficiency of0.085-0.10% at 100 mA dc corresponding to a 
current density - 1.27 kA/cm’ is measured. 
are better than those reported by Beneking et al.’ and 
Ishikawa et a1.22 
V. CONCLUSIONS 
We have demonstrated the feasibility of growing good 
quality, single-heterostructure n-type Al,, GG., As/p-type 
In,, Gaas P reproducibly with p-n junction generated by 
doping magnesium and tellurium, respectively. The active 
layer isp-type doped to take advantage of the longer lifetime 
of minority electrons in the InGaP layer. We have optimized 
the Ga liquidus composition at XL, = 0.0095-0.0097 in the 
InGaP growth solution to obtain the good quality 
In,,, Gh,5 P epitaxial layer. The optimum hole concentra- 
tion of the Mg doping level is near 1 x 10’” cm - 3, which 
exhibits the strongest PL peak intensity. The performance of 
the LEDs has been investigated by EBIC, I-V, EL, light out- 
put power, and external quantum efficiency. So far, the re- 
sults of these LEDs cannot still be compared to that of Al- 
GaAs/GaAs LEDs, it may be due to the inclusions or point 
defects existing at the interface between the Al,,,G%,,As 
layer and the In,,, G%,, P layer. Further study is required to 
overcome the problem of interface instability and to fabri- 
cate double-heterojunction AlGaAs/InGaP/AlGaAs 
structures to improve the LED performance. 
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